Retigabine (RTG) is an anticonvulsant drug with a novel mechanism of action. It activates neuronal KCNQ-type K ϩ channels by inducing a large hyperpolarizing shift of steady-state activation. To identify the structural determinants of KCNQ channel activation by RTG, we constructed a set of chimeras using the neuronal K v 7.2 (KCNQ2) channel, which is activated by RTG, and the cardiac K v 7.1 (KCNQ1) channel, which is not affected by this drug. Substitution of either the S5 or the S6 segment in K v 7.2 by the respective parts of K v 7.1 led to a complete loss of activation by RTG. Trp236 in the cytoplasmic part of S5 and the conserved Gly301 in S6 (K v 7.2), considered as the gating hinge (Ala336 in K v 7.1), were found to be crucial for the RTG effect: mutation of these residues could either knockout the effect in K v 7.2 or restore it partially in K v 7.1/K v 7.2 chimeras. We propose that RTG binds to a hydrophobic pocket formed upon channel opening between the cytoplasmic parts of S5 and S6 involving Trp236 and the channel's gate, which could well explain the strong shift in voltage-dependent activation.
Epilepsy is one of the most common neurological diseases, with a cumulative lifetime incidence of 3% (Hauser et al., 1996) . Although 60 to 80% of patients with epilepsy respond well to treatment with available anticonvulsant drugs, approximately 30% are pharmacoresistent (Löscher, 1998) . Therefore, there is a need to develop new anticonvulsants, which best should have mechanisms of action different from those currently in use, to enlarge the possibilities of differential treatment in mono-and polytherapy. Retigabine (RTG), a novel anticonvulsant, perfectly fulfills these criteria. Its main molecular mechanism of action is activation of the M current (Main et al., 2000; Rundfeldt and Netzer, 2000; Wickenden et al., 2000; Tatulian et al., 2001 ), a potassium conductance regulating the excitability in a wide variety of neuronal cells (Brown and Adams, 1980) . None of the anticonvulsants that are in clinical use today has a comparable mechanism of action. RTG is effective in a broad range of epilepsy and seizure models Armand et al., 1999 Armand et al., , 2000 Dost and Rundfeldt, 2000) . In two models of drug-resistant epilepsy, it was the only compound able to antagonize hyperexcitability in a concentration-dependent manner (Armand et al., 1999 (Armand et al., , 2000 and was also effective in human brain slices derived from patients with pharmacoresistent epilepsy who underwent epilepsy surgery (Straub et al., 2001 ).
The M current is a slowly activating and noninactivating neuronal potassium conductance blocked via the activation of muscarinergic acetylcholine receptors (Brown and Adams, 1980) . Its main molecular correlates are potassium channels of the KCNQ family (Wang et al., 1998) . Five members have been cloned to date (genes: KCNQ1-5; proteins: K v 7.1-5) (Gutman et al., 2003) , four of which (KCNQ1-4) are involved in hereditary diseases. These include a rare dominant form of epilepsy, benign familial neonatal convulsions, caused by mutations in KCNQ2 and KCNQ3 (Jentsch, 2000; Lerche et al., 2005) . RTG activates the neuronal channels K v 7.2 to -5 This work was supported by grants of the Deutsche Forschungsgemeinschaft (DFG), Le1030/9-1, and of the Fritz-Thyssen-Stiftung (to H.L.). H.L. is a Heisenberg fellow of the DFG. T.V.W. was supported as a fellow by the graduate college GRK460 of the DFG.
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but not the cardiac K v 7.1 (Tatulian et al., 2001; Dupuis et al., 2002) , which is an important prerequisite for the drug to avoid cardiac side effects. The main molecular mechanism of action is a large hyperpolarizing shift in the voltage-dependence of channel activation found for K v 7.2, K v 7.3, and K v 7.5. Therefore, RTG induces an opening of KCNQ channels at the resting membrane potential, shifting it toward the potassium equilibrium potential (E K ), a very powerful anticonvulsant mechanism. The aim of our study was to identify the binding site of RTG in K v 7.2 channels and to reveal the molecular mechanism of channel activation. Chimeras systematically introducing different parts of K v 7.1 into K v 7.2 revealed that RTG binds within the pore region. More detailed experiments, using point mutations in both channels and certain chimeras, indicated that RTG stabilizes the open-pore conformation by binding to the channel's activation gate between the cytoplasmic parts of the S5 and S6 segments. The structure of bacterial potassium channels (Doyle et al., 1998; Jiang et al., 2002) was then used to develop a model for the potential binding site, suggesting a binding pocket formed by the open channel's S5 and S6 segments.
Materials and Methods
Mutagenesis and RNA Preparation. Chimeras of KCNQ1 and KCNQ2 cDNAs were constructed by using unique restriction sites inserted in both channels at corresponding positions ( Fig. 1): a SacI site at the cytoplasmic end of S5 (Glu231/Leu232 in K v 7.2), a XhoI site in the membrane part of S5 (Ala246/Ser247/Phe248 in K v 7.2), an NsiI site at the beginning of H5 (Asp266/Ala267/Leu268 in K v 7.2), a KpnI site at the end of H5 (Lys283/Tyr284/Pro285 in K v 7.2), and a BamHI site at the cytoplasmic end of S6 (Gly313/Ser314 in K v 7.2). Additional chimeras exchanging S1/S2, S3/S4, and S4/S4-S5, as well as point mutations, were introduced using recombinant polymerase chain reaction techniques. Mutants were assembled in either the pTLN or the pSGEM vector and verified by automated DNA sequencing. DNA was in vitro-transcribed using the SP6 or the T7 mMessage mMachine kit (Ambion, Austin, TX), resulting in capped cRNA. Purity was checked by gel electrophoresis.
Oocyte Preparation and Injection. All procedures met the National Institute of Health guidelines for the care and use of laboratory animals and were approved by the Regierungspraesidium Tuebingen, Germany. Tricaine (0.1%; Sigma Chemie, Deisenhofen, Germany) was used to anesthetize female Xenopus laevis frogs. Oocytes were obtained surgically and immediately treated for 2 h by collagenase (2 mg/ml type CLS III collagenase; Biochrom, Berlin, German) in OR2 solution (82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 and 5 mM HEPES, pH 7.6) to remove follicular structures. Defolliculated oocytes were stored at 18°C in frog Ringer's solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl 2 , and 10 mM HEPES, pH 7.4) supplemented with 1% fetal calf serum and 50 g/ml gentamicin (Biochrom). Diluted cRNA (10-20 ng) was injected into each oocyte within 24 h after preparation. Electrophysiological measurements were performed 2 to 5 days after injection. Electrophysiology. Potassium currents were recorded using standard two-microelectrode voltage clamp, a Turbo TEC01C amplifier (NPI Electronic GmbH, Tamm, Germany) and pClamp data acquisition (Axon Instruments Inc., Union City, CA), as described previously (Lerche et al., 1999) . Frog Ringer's solution (see above) was used as the bathing solution for all recordings. RTG was dissolved in dimethyl sulfoxide to obtain 1000-fold concentrated stock solutions for final concentrations of 0.1, 1, 10, and 100 M. Aliquots of each concentration were stored at Ϫ20°C, unfrozen, and directly diluted in frog Ringer's solution on the day electrophysiological experiments were performed. The maximal concentration of dimethyl sulfoxide did not exceed 1 ml per 100 liters.
Recording electrodes were filled with 3 M KCl and had a resistance of 0.3 to 1 M⍀. Oocytes had resting membrane potentials between Ϫ30 and Ϫ75 mV. Currents were low-pass-filtered at 0.3 kHz and sampled at 1 kHz. Oocytes were clamped to a membrane potential of Ϫ100 mV followed by depolarizing 20-mV steps up to ϩ20 mV. Tail currents were measured at Ϫ30 mV, and their amplitudes were analyzed to obtain conductance-voltage plots. To obtain dose-response curves for RTG, oocytes were superfused with increasing concentrations of RTG (0.1, 1, 10, and 100 M) using a homemade multibarrel application system. Data were analyzed using pClamp, Microsoft Excel (Microsoft, Redmond, WA), and Origin (OriginLab Corp., Northampton, MA) software. For statistical evaluation, Student's t test was applied. All data are shown as means Ϯ S.E.M. Conductance-voltage curves are fit to the Boltzmann equation
where I/I max is the normalized tail current amplitude, V 0.5 is the voltage of half-maximal activation, and k is a slope factor. All semilogarithmic plots of RTG response against RTG concentration represent fits to a logistic (or Hill) function according to the following equation:
, where A 1 is the initial response, A 2 the final response, x is the drug concentration, x 0 is the EC 50 , and n H is the slope (Hill coefficient) of the curve.
Modeling. The MthK channel structure (1LNQ) and the KcsA channel structure (1BL8) were retrieved from the Protein Data Bank. A three-dimensional structural model of the S5 to S6 domains of K v 7.2 were constructed on the basis of homology to MthK/KscA using the solved crystal structures of the corresponding domains. The K v 7.2 models were generated using SWISS-MODEL (http:// www.expasy.org/swissmod/SWISS-MODEL.html) and were energyoptimized using Gromos96 in default settings within the SwissPdbViewer (Guex and Peitsch, 1997) . Manual docking of eight energy-optimized RTG conformers (ACD/Chemsketch; Advanced Chemistry Development, Inc., Toronto, ON, Canada) in the K v 7.2 homology models were performed. The resulting model was subsequently energy-optimized using Gromos96. The model with the most likely binding conformation is represented here.
Results
Wild-type (WT) and mutant/chimeric K v 7.1 and K v 7.2 channels were heterologously expressed in X. laevis oocytes and functionally characterized using two-microelectrode voltage clamping. RTG was applied extracellularly by adding it to the bathing solution in increasing concentrations of 1, 10, and 100 M. 
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Effects of RTG on K v 7.1 and K v 7.2 WT Channels. Effects of RTG on currents conducted by K v 7.1 and K v 7.2 channels are shown in Fig. 2 . The drug had no significant effect on the voltage dependence of activation of WT K v 7.1 channels (Fig. 2C ), but in a concentration of 100 M, it slightly reduced current amplitudes ( Fig. 2A) (Tatulian et al., 2001) . In contrast, the voltage dependence of steadystate activation of WT K v 7.2 channels was largely shifted toward more negative membrane potentials upon application of increasing concentrations of RTG. The EC 50 value was determined to be 4.1 M with a Hill coefficient of 0.88, suggesting that one RTG molecule is sufficient to exert this activating effect on a single K v 7.2 channel (Fig. 2D) . RTG in a concentration of 100 M reduced the maximal K v 7.2 current amplitude, similar to that for K v 7.1 (Figs. 2B and  5A ), which was in line with previous observations suggesting that an increase of the current amplitude for K v 7.2 by RTG was limited at strongly positive potentials (Tatulian et al., 2001) . Kinetics of deactivation of K v 7.2 were significantly slowed by RTG, as was described by other groups previously for K v 7.2/3 coexpression (Main et al., 2000; Wickenden et al., 2000) . A first-order exponential was fit to the deactivation time course at potentials between Ϫ80 and Ϫ120 mV. The time constants at Ϫ110 mV were 67 Ϯ 5 ms before and 219 Ϯ 31 ms after application of 100 M RTG (p Ͻ 0.01, n ϭ 4). (Figs. 3 and 4) . To further narrow the relevant sequences for the RTG effect, we dissected the pore region into four parts by introducing silent restriction sites (see Materials and Methods; Fig. 1 ). For the chimeras Q2[S5-loopS5H5]Q1, substituting the S5 segment and extracellular loop between S5 and H5 (SacI-NsiI), Q2[H5-S6]Q1 (NsiIBamHI), and Q2[S6]Q1 (KpnI-BamHI), channel activation was also not observed using up to 100 M RTG. In contrast, the reaction upon application of RTG was not significantly changed for Q2[loopS5H5]Q1 (XhoI-NsiI) and Q2[H5]Q1 (NsiI-KpnI) compared with K v 7.2 WT channels (Figs. 3 and  4) . These results suggest an RTG binding site within the S5 and S6 segments not involving the selectivity filter or the extracellular pore loops.
Effects of Point Mutations in K v 7.2 on RTG Sensitivity. Within the largely conserved pore region, there are only few residues that are different in K v 7.1 compared with K v 7.2 to -5 (Fig. 1) . At these sites, we introduced point mutations in K v 7.2, substituting the respective amino acids from K v 7.1. In the S6 segment, the most intriguing alteration of the K v 7.1 sequence is a change of the highly conserved glycine 301, which is supposed to function as the gating hinge in a large spectrum of potassium channels, including the Shaker channel; the bacterial channels KcsA, MthK, and K v AP (Jiang et al., 2002); and even a bacterial sodium channel (Zhao et al., 2004) . Mutation of Gly301 in K v 7.2 to an alanine, the corresponding amino acid in K v 7.1 (Q2[G301A]Q1), resulted in a nonfunctional channel, confirming the importance of this residue for channel gating in K v 7.2 channels. Some other S6 mutations showed little but significant alterations of the modification by RTG (e.g., a reduction of the negative shift by Q2[RLL291-3KTI]Q1) (see summary in Fig. 3) .
In S5, the double mutation Q2[AW235-6TL]Q1 as well as the single mutation Q2[W236L]Q1 completely knocked out the RTG effect, whereas all other mutations did not change the reaction to RTG. Because Trp236 is located at the cytoplasmic end of S5, this result, together with the knockout of the RTG effect by substitution of the S6 segment, strongly suggests a binding of RTG to the cytoplasmic parts of S5 and S6 segments involving the channel's activation gate, which is supposed to be formed by residues downstream of the putative gating hinge Gly301. To identify further residues in these two protein regions, we mutated a few amino acids around Trp236 in S5 and the hydrophobic phenylalanines 304/305 in S6 to alanines, because RTG is highly lipophilic and therefore is supposed to bind to lipophilic residues in KCNQ channels. (Fig. 3) .
Introduction of the RTG Binding Site in K v 7.1 or K v 7.1/K v 7.2 Chimeras. To evaluate the importance of Trp236 and Gly301 for the RTG effect, we introduced these residues in K v 7.1 and tested their impact on RTG sensitivity. For Q1[TL245-6AW]Q2 and Q1[L246W]Q2, the maximum effect of RTG on the voltage dependence of steady-state activation was a Ϫ5 mV shift (Fig. 3) , but there was no clear relationship to the RTG concentration, so these small alterations have to be interpreted with caution. However, for Q1[L246W]Q2, we observed a strong, concentration-dependent reduction in current amplitude by RTG that was not (Figs. 5A and 2A) , indicating that introduction of the tryptophan in this position increased this drug effect.
Introduction of a glycine at the corresponding hinge position in K v 7.1 (Q1[A336G]Q2) resulted in larger currents than observed for K v 7.1 WT channels, but we did not observe a significant effect of RTG. We did not observe stronger effects of RTG when both of these changes in S5 and S6 were simultaneously introduced into K v 7.1 (Fig. 3) . Because the overall pore structures of K v 7.1 and K v 7.2 channels might be quite different, introduction of single amino acids may not be sufficient to induce a large RTG effect in K v 7.1. We therefore exchanged the whole S6 segment (Q1[S6]Q2). It is interesting to note that this chimera showed a clear RTG sensitivity; however, it revealed a different effect on channel gating than was observed for K v 7.2. Although the shift of the voltage dependence of activation was relatively small (Ϫ7.4-mV shift), a concentration-dependent, almost 3-fold increase in current amplitude was observed upon application of RTG (Fig. 5B) (Fig. 4) -was largely restored (Ϫ13.6 mV shift), and current amplitudes were also significantly increased (Figs. 3 and 5C ). These alterations strongly suggest a crucial role of the predicted flexibility of the S6 segment at the glycine hinge for RTG binding in K v 7.2 channels. 
Retigabine Binding Site in K v 7.2 Channels Discussion
Two lines of evidence emerging from our results suggest that the cytoplasmic parts of S5 and S6 segments form the binding site for RTG. First, our results reveal that two amino acids located in these two helices play crucial roles for the activation of K v 7.2 by RTG: a tryptophan residue at the cytoplasmic end of S5, Trp236, and the gating hinge in S6, Gly301. To correlate these functional results to the possible structure of the channel, we developed homology models of the S5 to S6 region of K v 7.2 for both the closed and the open state, which were derived from the crystal structures of the KcsA (closed conformation, Doyle et al., 1998) and the MthK (open conformation, Jiang et al., 2002) channels (for details, see Materials and Methods). As shown in Fig. 6 , comparison of both channel conformations suggested the formation of a hydrophobic pocket between the cytoplasmic parts of S5 and S6 upon opening of the channel in which the energy-optimized RTG molecule could be docked manually. The pocket was induced by a kinking of the S6 helix at the gating hinge and a simultaneous conformational change of S5 (Fig. 6 , B and C). In contrast, the parallel orientation of the S5 and S6 helices of the closed channel would not allow RTG binding (Fig.  6A) . This model predicts a specific lipophilic interaction between the fluorophenyl ring of RTG and the aromatic Trp236 (Fig. 6B) , which perfectly matches our electrophysiological experiments knocking out the RTG effect in K v 7.2 by the point mutation Q2[W236L]Q1. Furthermore, the model illustrates the importance of the flexibility of the S6 helix at the gating hinge (Gly301) to form the binding pocket, as was functionally suggested 1) by the knock-in of an RTG effect by introducing the complete S6 segment of K v 7.2 into K v 7.1 and particularly 2) by introducing a glycine at the gating hinge into the chimera Q2[S6]Q1. Furthermore, the relative increase of RTG sensitivity of the mutant Q2[F304A] underlines the importance of the helix distal to Gly301. Nevertheless, this computed model has to be interpreted with caution, because the RTG molecule is rather flexible and because the modeling revealed a considerable variability, particularly in the more cytoplasmic regions, when we tried to adapt the putative structure of K v 7.2 to the ones of KscA or MthK.
A second supporting evidence for an RTG binding site between the cytoplasmic parts of S5 and S6 segments derives from the biophysical mechanism of K v 7.2 activation. The large hyperpolarizing shift of the voltage dependence of steady-state activation can be well explained by a stabilization of the open-gate conformation induced by RTG binding in this channel region. In general, such a shift in voltage dependence is likely to result either from a direct effect on the voltage sensor or alternatively from affecting its coupling to the opening of the pore (i.e., the activation gate). A nice example for the latter possibility was given in a recent study by Zhao et al. (2004) . When the glycine, considered to be the gating hinge in the S6 segment of a bacterial sodium channel, was replaced by a proline, which disrupts the ␣-helical structure and reduces its flexibility, voltage-dependent activation of the channel was shifted by Ϫ51 mV. In Shaker potassium channels, large parallel shifts in the voltage dependence of channel activation by mutations at the gate have been observed (Hackos et al., 2002) . Thus, the hyperpolarizing shift induced by RTG would be very well compatible with the hypothesis that RTG binds in between the S5 and S6 segments, involving the gate itself, thereby stabilizing the open channel conformation. In addition, the slowing of the deactivation time course by RTG could be well explained if RTG binds to the activation gate. The alterations in current amplitudes as observed for some of the mutants could be caused by decreases or increases in single-channel conductance, which would also fit well with the hypothesis of RTG binding in the pore region. For a discussion of the inactivation occurring in Q1[S6]Q2 see Seebohm et al. (2001) .
Activation of a potassium channel at the resting membrane potential, as has been demonstrated for RTG (Main et al., 2000; Rundfeldt and Netzer, 2000; Wickenden et al., 2000; and this study) , is a very potent anticonvulsant mechanism, because the resting potential is stabilized toward the potassium equilibrium potential (E K ). None of the anticonvulsants that are in clinical use today exhibits such a mechanism of action. The efficacy of RTG has been shown in a large variety of seizure models Tober et al., 1996; Armand et al., 1999 Armand et al., , 2000 Dost and Rundfeldt, 2000) . Therefore, RTG, its derivatives, or other compounds with similar effects on neuronal potassium channels of the KCNQ family could be used as powerful drugs in the future treatment of epilepsy or other disorders going along with a membrane depolarization and hyperexcitability of the nervous system such as migraine, neuropathic pain, and stroke. Elucidation of the molecular mechanism of action of such compounds, as shown here for RTG, will contribute to a better understanding of drugreceptor interactions and should help to develop more specific and more effective drugs with fewer side effects.
